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Carbon stable isotope (d13C) records from vascular plant dominated peatlands have been used as a palaeoclimate proxy,
but a better empirical understanding of fractionation processes in these ecosystems is required. Here, we test the potential of
d13C analysis of ombrotrophic restiad peatlands in New Zealand, dominated by the wire rush (Empodisma spp.), to provide a
methodology for developing palaeoclimatic records. We took surface plant samples alongside measurements of water table
depth and (micro)climate over spatial (six sites spanning > 10 latitude) and temporal (monthly measurements over 1 year)
gradients and analysed the relationships between cellulose d13C values and environmental parameters. We found strong, sig-
niﬁcant negative correlations between d13C and temperature, photosynthetically active radiation and growing degree days
above 0 C. No signiﬁcant relationships were observed between d13C and precipitation, relative humidity, soil moisture or
water table depth, suggesting no growing season water limitation and a decoupling of the expected link between d13C in vas-
cular plants and hydrological variables. d13C of Empodisma spp. roots may therefore provide a valuable temperature proxy in
a climatically sensitive region, but further physiological and sub-fossil calibration studies are required to fully understand the
observed signal.
 2015 The Authors. Published by Elsevier Ltd. This is an open access article under the CC BY license (http://
creativecommons.org/licenses/by/4.0/).1. INTRODUCTION
Ombrotrophic peatlands provide potential sources of
carbon stable isotope (d13C) derived palaeoclimate data in
many regions of the world, but exploitation of this record
has been mostly limited to Northern Hemisphere
Sphagnum moss dominated bogs (e.g. Price et al., 1997;
Loisel et al., 2009, 2010; Moschen et al., 2009;
Kaislahti-Tillman et al., 2010) with limited application inhttp://dx.doi.org/10.1016/j.gca.2015.05.011
0016-7037/ 2015 The Authors. Published by Elsevier Ltd.
This is an open access article under the CC BY license (http://creativecomm
⇑ Corresponding author. Tel.: +44 (0)1392 725892.
E-mail address: m.j.amesbury@exeter.ac.uk (M.J. Amesbury).the Southern Hemisphere (Broder et al., 2012; Royles
et al., 2012). In Sphagnum dominated peatlands, d13C has
been primarily interpreted as a palaeohydrological proxy
due to the correlation of Sphagnum cellulose d13C with both
surface moisture gradients (Price et al., 1997; Me´not and
Burns, 2001; Me´not-Combes et al., 2004; Loisel et al.,
2009) and other palaeohydrological proxies in fossil studies
(Lamentowicz et al., 2008; Loisel et al., 2010; van der
Knapp et al., 2011). However, these relationships are not
consistently reported (Markel et al., 2010) and empirical
relationships have also been determined between
Sphagnum d13C and temperature (Skrzypek et al., 2007;
Holzka¨mper et al., 2012), which have subsequently beenons.org/licenses/by/4.0/).
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structions (Moschen et al., 2011).
Peatlands dominated by vascular plants are particularly
common in low latitudes and the Southern Hemisphere,
both regions where there are still relatively few high resolu-
tion Holocene palaeoclimate records. Such sites oﬀer poten-
tial for stable isotope derived palaeoclimate records. d13C
time series have, for example, been developed from bulk
peat cellulose (Hong et al., 2001, 2005, 2010; Ma et al.,
2008; Zhang et al., 2011) or a combination of bulk and
single-species cellulose (Hong et al., 2003) from Chinese
herbaceous peatlands. These were interpreted as a proxy
for precipitation or humidity based on the correlation of
d13C in modern herbaceous plant samples with annual pre-
cipitation values over broad spatial scales (Wang et al.,
2003; Zhang et al., 2003; Liu et al., 2005). Conversely to
studies in Sphagnum peatlands, no signiﬁcant relationship
between d13C and temperature was identiﬁed in these
sites/regions. However, physiologically, temperature may
aﬀect stable carbon isotopic fractionation in vascular plants
(Farquhar et al., 1989), including both potential direct (e.g.
biochemical temperature dependence of Rubisco fractiona-
tion; Me´not and Burns, 2001) or indirect eﬀects (e.g. on
plant metabolism, for example, higher temperatures leading
to increased assimilation rate, reduced discrimination
against 13CO2 and more heavy isotope enriched d
13C values
i.e. a positive relationship between d13C and temperature).
During photosynthesis, stable carbon isotopic fractiona-
tion occurs during the diﬀusion of atmospheric CO2 to
chloroplasts and during assimilation of inorganic carbon
into plant tissues (O’Leary, 1981; Farquhar et al., 1989).
For plants using the C3 photosynthetic pathway, the pri-
mary enzymatic fractionation occurs via Rubisco, which
strongly discriminates against 13CO2 (approximately
27&). Models have been developed that describe stable car-
bon isotopic fractionation including these and other pro-
cesses (Farquhar et al., 1989; White et al., 1994).
Diﬀerences exist between models for vascular and
non-vascular plants (Figge and White, 1995), largely to
account for the presence/absence of stomata and subse-
quent consequences for CO2 diﬀusion. For example, the
constant used for fractionation occurring due to CO2 diﬀu-
sion through the boundary layer for mosses (2.9&) is diﬀer-
ent to that for fractionation due to stomatal resistance in
vascular plants (4.4&). Diﬀusion limitation at the bound-
ary layer is primarily governed by light, temperature and
water availability, whereas diﬀusion limitation by stomatal
resistance is primarily governed by relative humidity (White
et al., 1994).
In photosynthetically active vascular plants, the physio-
logical eﬀect of an increase in humidity is an increase in
stomatal conductance and therefore a decrease in d13C
(i.e. more 13C depleted or more negative d13C values; see
Eq. 2, Me´not and Burns, 2001, p. 234). Conversely, when
humidity is low, a large leaf to air vapour pressure deﬁcit
(VPD) exists between the saturated sub-stomatal cavity
and the relatively dry atmosphere. This results in closing
of stomata to reduce the rate of passive water loss, which
in turn also reduces the rate of inward CO2 diﬀusion and
leads to a pool of CO2 inside the leaf which experiencesreduced interaction with atmospheric CO2. This pool
becomes progressively enriched in 13C as the plant contin-
ues to assimilate carbon and the ratio of intercellular to
atmospheric CO2 concentration (Ci/Ca) drops, resulting in
more positive d13C values (Figge and White, 1995).
Water availability per se should have less eﬀect on vascu-
lar plants than non-vascular plants due to the ability of vas-
cular plants to regulate water uptake and loss via stomatal
conductance and to develop deep and/or extensive root sys-
tems which enable them to avoid becoming water-stressed
during the summer water table deﬁcit period that charac-
terises peat forming regions (Me´not and Burns, 2001).
Instead, stomatal constraints on CO2 assimilation and their
eﬀect on photosynthetic water use eﬃciency (i.e. the ratio of
carbon assimilated to water transpired by plants; Seibt
et al., 2008), mediated by water supply, are the dominant
control of stable carbon isotopic fractionation in vascular
plants, at least over large spatial scales (Diefendorf et al.,
2010).
Given the variability in the expected (i.e. from physio-
logical models and understanding of fractionation pro-
cesses) and observed (in both modern and fossil studies)
relationships between d13C and climatic variables in both
Sphagnum and vascular plant dominated peatlands, it is
crucial that palaeoclimatic interpretations of d13C are
empirically and mechanistically grounded and calibrated
with modern climate data (Me´not and Burns, 2001;
Stebich et al., 2011). Furthermore, because diﬀerent chem-
ical compounds and plant species record signiﬁcantly diﬀer-
ent isotopic ratios (Me´not and Burns, 2001; Pancost et al.,
2003; Moschen et al., 2009; Nichols et al., 2010; Stebich
et al., 2011), both calibration and fossil studies need to
use a common compound, typically a-cellulose prepared
from a single taxon (Loader et al., 1997). Sphagnum pro-
vides a suitable substrate for stable isotopic analysis in
many Northern Hemisphere peatlands, but is absent or less
common in other parts of the world. In New Zealand,
ombrotrophic peatlands are often almost entirely domi-
nated by Empodisma spp. (Whinam and Hope, 2005;
Clarkson and Clarkson, 2006; McGlone, 2009; Hodges
and Rapson, 2010), recently classiﬁed into the two species
Empodisma minus and Empodisma robustum (Wagstaﬀ and
Clarkson, 2012). These species are the primary Holocene
peat former in New Zealand and occur separately north
and south of the ‘Kauri Line’ at approximately 38 S
(Fig. 1), forming predominantly monospeciﬁc peat depos-
its. E. minus and E. robustum are ecologically similar and
distinguished by their growth forms and regeneration
strategies following ﬁre disturbance (Wagstaﬀ and
Clarkson, 2012). Both species have reduced, scale-like
leaves on narrow stems, high water-use eﬃciency, root clus-
ters with similar base exchange and water holding capacities
to Sphagnum, can reduce water loss by controlling stomatal
opening and form a dense canopy of living and dead shoots
that protect the water-retaining matrix of cluster roots at
the bog surface (Agnew et al., 1993; Clarkson et al., 2004;
Wagstaﬀ and Clarkson, 2012). Partly as a result of this
dense vegetative canopy, surface evaporation rates are
approximately half those reported for other wetlands dom-
inated by vascular plants (Campbell and Williamson, 1997).
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Fig. 1. Site locations. Kauri line represents the geographical split in the distribution of the two Empodisma species E. robustum (to the north of
38) and E. minus (to the south of 38).
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form deep peat deposits of full Holocene age in locations
throughout New Zealand (e.g. Newnham et al., 1995,
2007; Newnham and Lowe, 2000; Vandergoes et al.,
2005). Empodisma dominated ombrotrophic bogs therefore
provide an ideal location to undertake empirical research to
better understand carbon isotope fractionation in vascular
peatlands because they are well suited to single-taxon anal-
ysis across broad climatic gradients in the climatically sen-
sitive Southern Hemisphere mid-latitudes (e.g. Alloway
et al., 2007; Lorrey et al., 2007; Ummenhofer and
England, 2007; Fletcher and Moreno, 2012). These bogs
also preserve potentially decadal-multidecadal resolution
full Holocene records that oﬀer the opportunity for stable
carbon isotope based palaeoclimate reconstructions whereother suitable proxies are currently lacking. We therefore
aim to test the ability of d13C analysis of ombrotrophic res-
tiad peatlands in New Zealand to provide a methodology
for developing palaeoclimatic records.
2. METHODS
2.1. Sites and ﬁeld sampling
Six Empodisma dominated peatlands were selected to
span climate gradients across New Zealand (Fig. 1;
Table 1). The three northern sites, Tangonge (TNG),
Kopuatai (KOP) and Moanatuatua (MOA) are dominated
by E. robustum whereas the three sites south of the Kauri
Line, Kaipo (KAI), Okarito (OKA) and Otautau (OTT),
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We employed both spatial and temporal approaches to
sampling and analysis. For the spatial approach, we sam-
pled 6 locations on each site in November 2012, providing
a total dataset of 36 sampling points. At each sampling
point, we took two plant samples (surface roots and recent
shoot growth) and a water table depth measurement.
Climate data for mean annual and summer (DJF) temper-
ature, total annual and summer precipitation, relative
humidity, soil moisture and potential evaporation were
downloaded from the New Zealand National Institute for
Water and Atmospheric Research (NIWA) National
Climate Database (cliﬂo.niwa.co.nz). The 0.05  0.05
gridded Virtual Climate Station Network data points con-
taining each of our sites were used to calculate long term
annual averages (or sums for precipitation) from 1972 to
2013. These data were used to calculate growing degree
days above 0 C (GDD0; growing season warmth expressed
as accumulated temperature over the growing season) and
total summer precipitation minus potential evaporation
(Supplementary Fig. 1). Cumulative photosynthetically
active radiation over the growing season (above 0 C,
PAR0) was calculated from the relevant 0.5  0.5 grid
square of the CLIMATE2.2 dataset of Kaplan et al.
(2003), because the NIWA data did not contain cloudiness,
which is required to calculate PAR0 (Prentice et al., 1993).
To help understand seasonal changes, we took monthly
samples of root and recent shoot growth samples at two
locations on one site (KOP) from November 2012 to
November 2013 to provide a temporal data set. Water table
depth was recorded daily over the year using a pressure
transducer (WL1000 W, Hydrological Services, NSW,
Australia) 1.5 m below the surface within a perforated
PVC dip-well, located within 100 m of the two sampling
locations. Air temperature was measured at 4.25 m above
the surface with a fully aspirated probe (HMP155,
Vaisala, Helsinki, Finland) and precipitation was measured
using a tipping bucket rain gauge (TB5, Hydrological
Services, NSW, Australia) situated 0.8 m (mean canopy
height) above the surface. Half-hourly means of water table
depth and air temperature and half-hourly sums of precip-
itation were recorded by data loggers and daily (24 h)
means (or sums for precipitation) were calculated for anal-
ysis. To provide comparative microclimatic data, we also
installed two miniature temperature and relative humidity
data loggers (iButton, Maxim Integrated, CA, USA) within
the zone of the cluster root microclimate, below the vegeta-
tive cover of the shoots. These were programmed to take
four-hourly measurements for one year from November
2012 to October 2013 and we calculated daily (24 h) means
for analysis.
2.2. d13C analyses
Samples of root and shoot material were prepared to
a-cellulose using a standard methodology (Loader et al.,
1997; Daley et al., 2010). Shoots were cut into short
(approximately 1 mm) sections prior to chemical treatment
(bleaching). Roots were cleaned with distilled water and
manually separated from other plant material. Each root
M.J. Amesbury et al. /Geochimica et Cosmochimica Acta 164 (2015) 161–174 165sample was wet-sieved to remove ﬁne detritus and then
placed in a petri dish under a low powered microscope at
10 magniﬁcation to remove all other plant remains until
the sample comprised pure Empodisma cluster rootlets.
These were also cut into short sections before bleaching.
Five one hour bleaching stages were suﬃcient to form white
cellulose samples for the root material (Daley et al., 2010),
but up to 10 one hour bleaching stages were required for
shoot samples to obtain a product of similar visual purity.
300–350 mg of prepared a-cellulose was weighed (in tripli-
cate) into silver foil capsules, lightly crimped and pyrolised
to carbon monoxide (CO) over glassy carbon in a ﬂow of
helium at 1400 C (Young et al., 2011; Woodley et al.,
2012). Stable carbon isotope ratios (d13C) were reported
as per mil (&) deviations from the VPDB standard (where
d13C (&) = (Rsample/Rstandard)  1, where R is the ratio of
13C/12C in the sample and standard). A mean of three iso-
tope measurements was calculated for each sample. Mean
analytical precision on the replicate measurements method
was 0.08& (rn1 n = 44 means comprising 131 individual
measurements), which compares favourably with 0.1–
0.12& (rn1 n > 900) reported elsewhere for d
13C measured
by both pyrolysis and combustion (Woodley et al., 2012;
Young et al., 2012; Loader et al., 2013).
2.3. Stomatal density
Stomatal density (per mm2) was calculated using the
impression technique (e.g. Sekiya and Yano, 2008; Xu
and Zhou, 2008) for shoot samples at the northernmost
(TNG) and southernmost (OTT) sites on the climate gradi-
ent to test whether stomatal density diﬀered between spe-
cies. At each site, shoots from three diﬀerent sampling
locations were used. For each sampling location, the central
section of three individual shoots were selected, cut into
short (approximately 5 cm) sections and painted with clear
nail varnish. After approximately 30 min, the dried nail var-
nish was carefully removed and three replicate sections
from each shoot were photographed at 200 magniﬁcation
(photo size was 450  335 lm, 0.15 mm2), resulting in 27
images per site from which to calculate mean stomatal den-
sity values.
3. RESULTS
Full d13C and water table depth results for the spatial
and temporal datasets are shown in Supplementary
Tables 1 and 2. Mean d13C values for Empodisma rootsTable 2
Range in d13C and water table depth measurements is correspondingly h
Mean d13C all samples
(&)
Range in d13C values
(&)
Spatial roots 25.57 2.8
Spatial shoots 24.72 3.77
Temporal roots 25.70 1.15
Temporal
shoots
24.51 1.23
* Minimum value of 5 cm for Okarito indicates that cluster roots wereand shoots in both the spatial and temporal datasets con-
form to the expected values for plants using the C3 photo-
synthetic pathway (Table 2; Farquhar et al., 1989). The
limited microtopographical variability evident on the sur-
face of Empodisma dominated restiad peatlands is reﬂected
in the narrower range of d13C values compared to studies in
Sphagnum dominated peatlands (approximately 6& range
between hummocks and hollows; Price et al., 1997; Loisel
et al., 2009). In the spatial samples, the predominant source
of variability in water table depth was between, rather than
within, sites and in part reﬂected the overall condition and
management status of the sites. MOA was the driest site,
with its minimum value for water table depth exceeding
the maximum values at all other sites (Table 1). The two
driest sites, MOA (mean water table depth of 59.7 cm)
and TNG (mean water table depth of 30.5 cm) are rem-
nants of previously far more extensive peatlands sur-
rounded by drained agricultural land which has aﬀected
the local hydrological regime, whereas the other sites are
more extensive and pristine and function more indepen-
dently as hydrological units with correspondingly shallower
water tables (KOP 8.3 cm; KAI 19.3 cm; OKA 2.5 cm;
OTT 7.5 cm).
Climate parameters show clear gradients across the site
transect (Table 1). Temperature (mean annual and summer)
declines with increasing latitude, also reﬂected in the values
of GDD0 and PAR0, which show that conditions for pho-
tosynthesis are generally better in the North Island sites.
The exception to these trends is KAI, which has lower tem-
perature, GDD0 and PAR0 values compared to the other
North Island sites as a result of its higher altitude.
Precipitation patterns in New Zealand are strongly inﬂu-
enced by regional circulation patterns and climate modes
with a strong orographic eﬀect (Kidson, 2000; Lorrey
et al., 2007; Ummenhofer and England, 2007). This is
reﬂected in the mean annual and summer precipitation val-
ues. KOP, MOA and OTT have similar annual values with
OTT receiving proportionately more rain during summer.
TNG has higher annual precipitation but summer precipi-
tation is similar to KOP and MOA. Values for both annual
and summer precipitation are higher at KAI due to its
higher elevation, and at OKA, due to its location west of
the Southern Alps in the path of the prevailing southern
westerlies. Higher precipitation values mean there is no
summer P-E deﬁcit period at these sites, whereas the
remaining four sites (TNG, KOP, MOA and OTT) all expe-
rience a deﬁcit during the summer that could result in a
drawdown of water table. The overall duration and severityigher in the spatial samples compared to the temporal samples.
Mean all WTD values
(cm)
Range in WTD values (min–max)
(cm)
21.3 78 (5*–73)
10.5 23.6 (1.6–25.1)
5 cm below the standing water table at the bog surface.
166 M.J. Amesbury et al. /Geochimica et Cosmochimica Acta 164 (2015) 161–174of this period is strongly linked to latitude with TNG expe-
riencing the longest and most severe and OTT the shortest
and least severe deﬁcit (Table 1, Supplementary Fig. 1).
3.1. Spatial samples
Correlations between mean site d13C values of roots and
shoots at each site with regional climate data indicate sig-
niﬁcant relationships with broad climate gradients (Fig. 2;
Table 3). Annual and summer temperatures are signiﬁ-
cantly negatively correlated with d13C, suggesting that as
temperature increases, Empodisma cellulose becomes more
13C depleted (Fig. 2A). The same relationships are evident13
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Table 3
Correlation coeﬃcients between root and shoot d13C and indicators of b
Table 1. Signiﬁcant results given in bold with p values < 0.1 in parenthes
Annual
temperature
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Summer
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Roots 0.91 (0.012) 0.93 (0.006) 0.36 0.41
Shoots 0.92 (0.009) 0.94 (0.005) 0.31 0.34with PAR0 and GDD0 suggesting that higher PAR and
growing season warmth results in more negative d13C val-
ues (Fig. 2C and D). The correlation between PAR0 and
GDD0 is high (r = 0.99, p 6 0.0001) as both variables
include growing season length (Charman et al., 2013), so
the consistent relationships observed between these climate
parameters and d13C should be expected. There were no sig-
niﬁcant relationships with total annual or summer precipi-
tation, relative humidity or soil moisture (Fig. 2B, E, F,
Table 3). Taking the variables highlighted as signiﬁcant in
Table 3, R v. 3.0.2 (R Development Core Team, 2014)
was then used to build multivariate linear models by step-
wise linear regression (using the Akaike Information200
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Fig. 3. d13C (&) against water-table depth for spatial root and shoot cellulose samples, sub-divided by site. Linear trendlines are shown for
the full (black), without MOA (red) and pristine only (green) datasets. In all cases, the lower trendline is for root samples and the upper
trendline for shoot samples. Strength, direction and signiﬁcance of these relationships are given in Table 3.
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roots and shoots. The inter-correlation of summer and
mean annual temperature meant they could not be used
as independent variables and therefore summer tempera-
ture was omitted. The variation of d13C of root cellulose
was best described by a linear model with an adjusted R2
of 0.78 (p < 0.001) including PAR0 (p < 0.001), mean
annual temperature (p = 0.004), and GDD0 (p = 0.004).
Similarly, variation in d13C of shoot cellulose was best
described by a linear model with an adjusted R2 of 0.77
(p < 0.001) including PAR0 (p = 0.001), GDD0 (p = 0.01)
and mean annual temperature (p = 0.01). Testing the signif-
icance of the relationships of temperature, PAR0 and
GDD0 with d13C in a multivariate framework mitigated
against potential Type-2 errors and provided greater conﬁ-
dence in the analysis of the observed results.
We also tested the relationship between d13C values and
water table to examine the potential eﬀect of water avail-
ability on d13C, which has been observed in other studies.
Increased water stress would be expected to lead to 13C
enriched cellulose such that water table depth should be
positively correlated with d13C (White et al., 1994; Me´notTable 4
Correlations and signiﬁcance of root and shoot cellulose d13C (&)
with water table depth for complete spatial dataset (‘All’, n = 36), a
subset excluding MOA (‘Without MOA’, n = 30) and a subset
including only the pristine sites, which excludes TNG and MOA
(‘Pristine only’, n = 24).
Dataset r p
Root d13C–WTD All 0.608 <0.01
Shoot d13C–WTD All 0.513 <0.05
Root d13C–WTD Without MOA 0.492 <0.05
Shoot d13C–WTD Without MOA 0.373 <0.05
Root d13C–WTD Pristine only 0.010 0.964
Shoot d13C–WTD Pristine only 0.157 0.465and Burns, 2001). When the full spatial dataset is consid-
ered, d13C of both root and shoot material is signiﬁcantly
negatively correlated to water table depth (Fig. 3;
Table 4) with more negative d13C values associated with
deeper water tables/drier conditions and more positive
(i.e. less negative) d13C values with shallower water
tables/wetter conditions. However, closer inspection of
the data shows this relationship is driven by the two
extreme dry sites of MOA and TNG, where water tables
have been artiﬁcially lowered. When these were removed,
there was no signiﬁcant relationship between the d13C of
either roots or shoots and water table depth (Fig. 3;
Table 4). The relationship present for the whole data set
is thus more likely related to the fact that the two driest sites
are both situated in relatively warm climatic settings. Their
low d13C values are more likely to be driven by temperature
and related variables (Fig. 2) than by moisture availability.
We measured stomatal density in shoot samples from
the northernmost (TNG) and southernmost (OTT) sites
to examine the potential for physiological adaptations that
may explain the observed relationships between d13C and
climate parameters. Mean values, based on 27 replicate
measurements per site were 481 ± 51 (one standard devia-
tion) stomata mm2 at TNG and 508 ± 111 stomata
mm2 at OTT. A two sample t-test showed no signiﬁcant
diﬀerence between the two sites (p = 0.259, df = 26).3.2. Temporal samples (Kopuatai)
There was much lower variability in water table depth
measured in the temporal samples over a 1 year period as
compared to the spatial samples collected over climate gra-
dients (Tables 1 and 2). The range in water table depth in
the spatial samples was 78 cm compared to 23.6 cm for
the temporal samples. The ranges of d13C values for both
roots and shoots were also lower (Table 2).
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root and shoot d13C values showed relatively consistent val-
ues of around 24& and 25& respectively, regardless of
ﬂuctuations in water table depth over the annual cycle.
These values are consistent with the KOP results from the
spatial dataset (Fig. 4), which spanned a narrower range
of water table depth values but also did not show a clear
relationship with water table depth. When plotted against
sampling date (Fig. 5) with water table depth ﬂuctuations
over the year, some eﬀect of water table is evident, with
shoot samples becoming gradually more 13C enriched from
November to March as the bog became drier and water
table depth increased over the summer. As the site became
wetter and water table depth gradually decreased from-27
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depth (black line) over the 12 months of sampling. Error margin is one sApril to June as precipitation increased, shoot d13C became
more depleted. This is consistent with the direction of rela-
tionship that would be expected based on physiological
understanding of carbon isotope fractionation in vascular
plants by changes in stomatal conductance in response to
relative humidity (Figge and White, 1995), but the minor
and short term nature of the changes suggests that this is
unlikely to have a signiﬁcant impact on the average d13C
signal of shoots over the entire year.
In comparison, root d13C showed relatively little varia-
tion over the year (Fig. 5), probably because the monthly
root samples would likely reﬂect the integrated growth over
a longer period of time than the shoot samples, where it was
possible to ensure that only recent growth was sampled.14 16 18 20 22 24 26
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represent the growth over a preceding period, temporal root
and shoot d13C were also compared with mean water table
depth over the preceding week, 2 weeks and 1 month, in
addition to mean temperature and humidity recorded by
the iButton data logger on the day of sampling (Tables 5
and 6). The strongest signiﬁcant relationship was between
shoot d13C and water table averaged over the 2 weeks prior
to sampling (r = 0.403, p = 0.051). This weak positive cor-
relation supports the contention of a minor but observable
impact of summer water table draw down on shoot d13C.
Comparison of the iButton temperature data to air temper-
ature and temperature measured using ﬁne thermocouples
attached to E. minus stems in the upper canopy (not shown)
suggested that iButton temperature may have been slightly
aﬀected by heating from solar radiation but was a reason-
able measure of temperature within the upper, live part of
the canopy.
3.3. Root and shoot d13C oﬀset and species speciﬁcity
Shoot cellulose was consistently more 13C enriched than
root cellulose for both the spatial and temporal datasets
(Table 7) and there was a signiﬁcant diﬀerence in the d13C
values between E. robustum (TNG, KOP, MOA) and E.
minus (KAI, OKA, OTT) dominated sites for both root
and shoot cellulose (two tail, two sample t-test:
p 6 0.0001, df = 17). Our results show more negative mean
d13C values associated with E. robustum dominated sites for
both root and shoot cellulose and a broadly higher oﬀsetTable 5
Correlation coeﬃcients (r values) between temporal root and shoot d13C
variables. Signiﬁcant results given in bold with p values < 0.1 in parenth
Root d13C Shoot d13C WTD
on day
Shoot d13C 0.287
WTD on day 0.043 0.385 (0.063)
WTD previous week 0.026 0.309 0.910 (<0.01)
WTD previous 2 weeks 0.062 0.403 (0.051) 0.971 (<0.01)
WTD previous month 0.020 0.333 0.902 (<0.01)
iButton temperature 0.141 0.158 0.314
iButton humidity 0.149 0.237 0.665 (<0.01)
Table 6
Values for water table depth, climatic and microclimatic variables reco
Waikato region. Water-table depth results are for sampling days only (n =
(temperature) and total (precipitation) values of 30 min frequency measu
microclimatic data loggers placed at the peat surface, below the vegetativ
Results are 24 h mean values of four hourly measurements from two iBu
Water-table depth
(cm)
Air temperature
(C)
Daily preci
(mm)
Mean 10.5 13.8 2.7
Minimum 1.6 4.2 0
Maximum 25.1 22.5 47.7
Range 23.6 18.3 47.7between mean root and shoot values in E. minus sites
(Table 7).
4. DISCUSSION
4.1. d13C and temperature
The signiﬁcant and robust negative relationships
observed with temperature, PAR0 and GDD0 provide a
strong indication that Empodisma d13C is driven by climate
parameters linked to growing season conditions, as
opposed to those related to broad-scale (e.g. precipitation,
soil moisture, relative humidity) or site-speciﬁc (e.g. water
table depth) hydrology. Me´not and Burns (2001) reviewed
the extent to which factors such as temperature and light
intensity can aﬀect d13C over climate gradients in both vas-
cular plants and mosses. Field and laboratory studies show
conﬂicting results for the inﬂuence of temperature on d13C,
with both positive (ﬁeld studies only) and negative correla-
tions (ﬁeld and laboratory studies). In particular, Me´not
and Burns (2001) and Skrzypek et al. (2007) found negative
correlations between both vascular plant and moss d13C
and temperature across altitudinal gradients of peat bogs
in Switzerland and Poland respectively, with more enriched
d13C as temperature decreased, which is consistent with our
results. Theoretically, higher temperatures may be expected
to increase assimilation rate, reducing discrimination
against 13CO2 and leading to more enriched d
13C values,
i.e. a positive relationship between d13C and temperature.
However, carbon isotope fractionation in vascular plants(&) at KOP, water table depth (WTD) metrics and microclimatic
eses.
WTD
previous
week
WTD
previous
2 weeks
WTD
previous
month
iButton
temperature
0.928 (<0.01)
0.907 (<0.01) 0.968 (<0.01)
0.068 0.141 0.029
0.398 (0.066) 0.507 (0.016) 0.354 0.853 (<0.01)
rded over the 1 year (8/11/12–5/11/13) of sampling at Kopuatai,
12). Air temperature and daily precipitation results are 24 h mean
rements over the full year (see Section 2.1). iButton results are from
e mass of Empodisma shoots, within the cluster root microclimate.
ttons from 19/11/12–5/11/13.
pitation iButton temperature
(C)
iButton relative humidity
(%)
14.0 90.2
1.4 67.1
25.6 100
24.2 32.9
Table 7
Mean root and shoot cellulose d13C (&) from spatial samples (n = 6 per site) and with oﬀset between the two and its relation to Empodisma
species.
Site Mean root d13C & (st. dev.) Mean shoot d13C & (st. dev.) Root–shoot oﬀset Empodisma species
Tangonge 26.33 (0.38) 25.58 (0.72) 0.75 E. robustum
Kopuatai 25.91 (0.36) 25.23 (0.54) 0.68 E. robustum
Moanatuatua 26.36 (0.24) 25.60 (0.31) 0.76 E. robustum
Kaipo 25.05 (0.33) 24.06 (0.44) 0.99 E. minus
Okarito 25.20 (0.18) 24.42 (0.13) 0.78 E. minus
Otautau 24.54 (0.43) 23.43 (0.25) 1.11 E. minus
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and assimilation rate (White et al., 1994). Research at
KOP has shown that Empodisma stomatal conductance is
reduced, particularly on clear sunny days, in response to
high VPD, partly causing very low observed rates of
evapotranspiration (Campbell and Williamson, 1997). Air
temperature and VPD are positively correlated and it has
been hypothesised that as temperature and VPD increase
beyond a photosynthetic optimum, assimilation rate decli-
nes, leading to a decrease in stomatal conductance in
addition to the direct eﬀect of VPD on stomatal conduc-
tance (Duursma et al., 2014). The eﬀects of these
interrelationships between assimilation rate and stomatal
conductance in relation to temperature on d13C are unclear
but underline the need for contemporary studies to provide
the foundation for the interpretation of palaeo d13C records
(See Table 8).
We propose several hypotheses that could lead to the
observed negative relationships between d13C and tempera-
ture, PAR0 and GDD0 in this study. First, they could
result only from the limitations of the space-for-time cali-
bration approach. For example, confounding site eﬀects
may suggest environmental/climatic control when, in real-
ity, other factors dominate inter-site variability to the
extent that more physiologically acceptable relationships
may be obscured. The diﬀerences between E. robustum
and E. minus may be relevant here (see below) but we
applied a robust statistical approach, meaning we can have
conﬁdence in the observed signiﬁcant negative relation-
ships, and we purposely selected sites spaced over a wide cli-
matic gradient to minimise the likelihood that this would be
a major inﬂuence (Section 3). Second, if growing conditions
were consistently better at the northern sites, plants may
have developed physiological adaptations over time, such
as increased stomatal density, that would increase discrim-
ination against 13CO2 by increasing the supply of
12CO2
given a constant assimilation rate. To test this we measuredTable 8
Stomatal density (per mm2) results from TNG and OTT. Each result i
measurements per site.
Site Sample # Shoot A Shoot B
Tangonge 1 491 511
Tangonge 2 489 493
Tangonge 3 493 380
Otautau 1 556 542
Otautau 2 473 420
Otautau 3 424 656stomatal density on shoot samples from the northernmost
(TNG) and southernmost (OTT) sites, but results suggested
that this hypothesis can be rejected. Third, the high density
of Empodisma shoots coupled with generally wet, humid
conditions may produce a boundary layer of water vapour
through which diﬀusion of CO2 is limited, as observed in
astomatous bryophytes which have an external layer of cap-
illary water (Rice and Giles, 1996; Williams and Flanagan,
1996). If temperature increased, relative humidity could
drop, increasing the rate of diﬀusion to the leaf and conse-
quently discrimination against 13CO2. Year-round growing
seasons have been observed at KOP (Goodrich et al., 2015)
and MOA (Campbell et al., 2014). A longer growing season
would result in a higher proportion of the seasonal assimi-
lation occurring under more discriminating conditions,
leading to more negative d13C values overall. Fourth,
increased temperature could increase rates of microbial
activity, which would increase the release of respiratory
CO2. Respiratory CO2 is
13C depleted compared to source
(atmospheric) CO2 (Ghashghaie et al., 2003; Bruggemann
et al., 2011), so that an increased contribution of this as a
source of CO2 for carbon assimilation would lead to more
negative d13C values at higher temperatures. Finally, Araya
et al. (2010) identiﬁed signiﬁcant diﬀerences in d13C of
restionaceous species between male and female individuals.
Although Empodisma was not included in their study, it is a
dioecious species and it remains a possibility that the
observed gradients in our data could be partly a result of
a sex bias.
The processes by which the d13C signature in our sites is
linked to temperature related climate parameters remain
uncertain and further physiological research coupled with
site monitoring is necessary to understand this. However,
the strength and signiﬁcance of the observed relationships
suggest that Empodisma d13C may be a useful palaeoclimate
proxy for temperature, PAR and growing season length. A
test of these relationships could be undertakens the mean of three replicate counts, resulting in n = 27 individual
Shoot C Site mean Site standard deviation
491 481 55
518
464
520 508 111
407
578
M.J. Amesbury et al. /Geochimica et Cosmochimica Acta 164 (2015) 161–174 171experimentally under controlled laboratory conditions and
a further empirical test of the observed relationships over
time could be undertaken by comparing d13C from dated
fossil Empodisma to known instrumentally recorded climate
events.
4.2. d13C and hydrology
Previous studies on d13C from both vascular plant and
moss dominated peatlands have shown signiﬁcant relation-
ships to hydrological variables, but these are not found
here. The lack of signiﬁcant relationships between d13C,
precipitation and other hydrological factors (Table 3) sup-
ports the argument that Empodisma is not water-stressed,
even during the summer P-E deﬁcit period experienced at
TNG, KOP, MOA and OTT during the summer months
(Supplementary Fig. 1). The apparent signiﬁcant negative
correlation between water table depth and d13C in the full
spatial dataset (Fig. 3) is predominantly driven by the
extreme dryness of MOA and, to a lesser extent, TNG, both
much drier due to the extensive drainage of surrounding
land for agricultural use. Water table depth values for these
sites appear to be largely outside of the range of naturally
functioning restiad peatlands although at MOA it has been
suggested that past water tables may also have been natu-
rally lower due to the site’s hydrological setting
(Campbell et al., 2014). When MOA and TNG were
removed from the dataset, there was no clear relationship
between d13C and water table depth across the remaining
pristine sites (Fig. 3; Table 4) and the range in sampled
water table depths fell from 78 cm to 34 cm. This is more
equivalent to the range of values recorded over the one year
of sampling at KOP associated with the temporal dataset
(26 cm).
There are a number of hypotheses that could explain the
lack of relationship between water table depth and d13C in
the spatial dataset of pristine sites (i.e. excluding MOA and
TNG). First, the range of water table depths recorded may
not have been wide enough to cause Empodisma to become
water-stressed and therefore drive a relationship with d13C,
especially given its high water use eﬃciency (Wagstaﬀ and
Clarkson, 2012). The temporal dataset does show some
response in shoot d13C over the summer months when
water table depth dropped by ca. 20 cm, less than the range
observed in the spatial dataset, suggesting there is some
eﬀect of water stress. However, this drawdown of water
table took place during an historic drought from January
to March 2013 (Goodrich et al., 2015) suggesting that this
level of hydrological change may be an extreme case and
supporting the previous contention that under more aver-
age climatic conditions, Empodisma is not water-stressed.
A second hypothesis is that the instantaneous sampling
and water table measurements employed during data collec-
tion for the spatial dataset did not eﬀectively capture the
plant-hydrology relationship. This is possible because tem-
poral d13C measurements on plant shoots showed the stron-
gest relationship with water table depth when the average
for the previous 2 weeks was taken. Physiological under-
standing of how water availability, primarily relative
humidity in the case of vascular plants (White et al.,1994; Me´not and Burns, 2001), aﬀects d13C is clear but
reﬂects a theoretical, instantaneous situation. Conversely,
d13C in organic matter will represent the assimilation
weighted signal of a longer period of carbon assimilation,
during which conditions for photosynthesis, driven by
changes in moisture, temperature, light intensity or other
environmental factors, may have varied. Sampling was
undertaken during the growing season when a relationship
between d13C and water table depth is most likely as condi-
tions for photosynthesis are most favourable and signiﬁcant
changes in water table depth occur. However, Fig. 5 shows
that at KOP, it is not until January, when water table depth
begins to increase sharply, that there was a response in the
d13C of new shoot growth. Over the rest of the annual cycle
(Fig. 5) and in the spatial samples (Fig. 3), a clear response
of root or shoot d13C is not evident suggesting that any
relationship between d13C and surface moisture conditions
is likely to be minor and restricted to the summer water def-
icit period, similar to biological proxies for water table
(Charman, 2007).
4.3. Potential species eﬀect
The signiﬁcant diﬀerences between E. robustum and E.
minus root and shoot cellulose d13C mean that some degree
of the observed relationships between d13C and climate
parameters may be caused by ecological or growth form dif-
ferences between the two species, as opposed to broader scale
climatic inﬂuences, though the split between the species is
based on genetic rather than physiological research
(Wagstaﬀ and Clarkson, 2012). One potential explanatory
mechanism relates to the higher density of the vegetative
canopy of E. robustum (Wagstaﬀ and Clarkson, 2012). In
the upper canopy,wheremost living plantmaterial is located,
absolute humidity is generally well coupled to the atmo-
sphere. However, relative humidity can be reduced because
upper canopy temperature is often elevated due to limited
plant transpiration and a higher sensible heat load. The den-
ser canopy ofE. robustum compared toE.minus could poten-
tially lead to lower rates of evaporation from the peat
surface, resulting in relatively higher air temperatures and
lower relative humidity, leading tomore positive d13C values.
Conversely, a denser canopy could also reduce the mixing of
atmospheric CO2, leading to potential recycling of respira-
tory CO2, which has a more depleted d
13C signature
(Ghashghaie et al., 2003; Bruggemann et al., 2011), andmore
negative d13C values at E. robustum sites. However, as the
split between species is also strictly geographical (north and
south of the ‘Kauri Line’ at 38S; Wagstaﬀ and Clarkson,
2012), we would expect that signiﬁcant relationships to cli-
mate parameters over our site transect (Section 4.1) will also
appear to result from a possible species eﬀect.Without future
physiological research into species diﬀerences, it is not cur-
rently possible to determine the extent to which either one
of these inﬂuences predominates.
5. CONCLUSIONS
Ombrotrophic peatlands dominated by vascular plants
are an important potential source of palaeoclimatic proxy
172 M.J. Amesbury et al. /Geochimica et Cosmochimica Acta 164 (2015) 161–174data in the form of d13C stable isotopic records, but an
empirical framework for interpreting these records from
fossil samples is lacking. We investigated the links between
d13C in Empodisma roots and shoots on New Zealand peat-
lands and spatial and temporal variability in climate and
hydrology. Our results suggest that the d13C signal in
Empodisma dominated peatlands is inﬂuenced by diﬀer-
ences in prevailing climate to a greater extent than
site-speciﬁc diﬀerences in surface moisture, which is consis-
tent with results from Chinese peatlands (e.g. Hong et al.,
2001, 2010; Liu et al., 2005). We found the strongest rela-
tionships between d13C and temperature, PAR0 and
GDD0. The lack of an observed relationship with hydro-
logical variables can be explained by the absence of water
stress for Empodisma at our sites. We conclude that d13C
of Empodisma roots in New Zealand provides a new palaeo-
climate proxy for temperature, but further physiological
and fossil calibration studies are required to fully under-
stand the observed climate–d13C relationships.ACKNOWLEDGEMENTS
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